Abstract Insulin receptor substrate-1 (IRS-1) is a cytoplasmic scaffolding protein that is phosphorylated by insulin-like growth factor-I receptor and recruits downstream effectors. Recent evidence suggests that IRS-1 has a nuclear localization and function. Here we investigated whether nuclear and cytoplasmic IRS-1 levels are associated with clinico-pathological characteristics and clinical outcome in breast cancer patients. Tissue microarrays from 1,097 patients with stage I-II breast cancer were stained by immunohistochemistry for IRS-1. Nuclear and cytoplasmic IRS-1 were scored separately according to the Allred score. Nuclear IRS-1 showed a positive association with estrogen receptor (ER) (r = 0.09, P = 0.003) and progesterone receptor (PR) (r = 0.08, P = 0.008) status and a negative correlation with lymph node involvement (r = -0.10, P = 0.001). Cytoplasmic IRS-1 did not correlate with ER or PR but showed a positive correlation with tumor size (r = 0.10, P = 0.001) and S-phase fraction (r = 0.16, P \ 0.001). In univariate analysis, tamoxifen-treated patients with tumors showing positive nuclear IRS-1 had a better recurrence-free survival (RFS) (P = 0.009) and overall survival (OS) (P = 0.0007), while no association was shown between cytoplasmic IRS-1 and RFS or OS in the same group of patients. In multivariate analysis of patients receiving tamoxifen, negative nuclear IRS-1 showed a significantly reduced RFS (P = 0.046) and OS (P = 0.018). Combining both PR and nuclear IRS-1, tamoxifen-treated patients with PR?/IRS-1? tumors had a better RFS (P = 0.0003) and OS (P \ 0.0001) when compared with patients with PR-/IRS-1-tumors. In
Introduction
Tamoxifen (Tam) is one of the most effective drugs in the endocrine therapy of all stages of estrogen receptor (ER) positive breast cancer [1] and is still frequently prescribed despite the growing use of aromatase inhibitors as hormonal agents. Moreover, Tam remains the endocrine treatment of choice in premenopausal breast cancer patients.
ER is expressed in 80% of breast tumors and is by far the most useful biomarker for predicting Tam treatment response. Nearly half of ER positive tumors co-express progesterone receptor (PR). Patients with ER ?/PR ? tumors respond better to Tam therapy compared to patients with tumors that are ER-/PR-or ER?/PR- [2] . However, despite hormone receptor positivity, a subset of patients do not benefit from Tam therapy, ultimately resulting in failure of treatment and death. Because treatment is not devoid of side effects it is important to identify new biomarkers that will improve response prediction.
Insulin receptor substrate 1 (IRS-1) is an adaptor protein primarily responsible for transducing signals from insulin and insulin-like growth factor-I (IGF-I) receptors. In addition, IRS-1 is activated by numerous growth factor receptors such as epidermal growth factor receptor [3] and hormones, including growth hormone and estrogen [4] . The importance of IRS-1 in hormone-dependent breast cancer has been emphasized in different models. IRS-1 is an estrogen-regulated gene frequently expressed in ER positive breast cancer cells [5] where it has been involved in anchorage-independent growth, cell survival [6, 7] , and estrogen independent growth [8] . ER stabilizes IRS-1 and reduces its ubiquitination [9] . Moreover, in ER positive cells E2 increases IRS-1 levels [10] [11] [12] , induces IRS-1 phosphorylation and enhances its downstream signaling [10, 11] . IRS-1 levels and signaling are also modulated by antiestrogens such as Tam and Fulvestrant [12] [13] [14] [15] . Intriguingly, in addition to its cytoplasmic function, IRS-1 can regulate nuclear processes as well [16] [17] [18] . In breast cancer cells, nuclear IRS-1 can directly interact with ER [17, 18] and modulate its transcriptional activity [17] . Nuclear levels of IRS-1 and IRS-1 recruitment on estrogen response element (ERE) motifs are significantly increased by E2 [17, 18] . Preclinical studies have investigated the role of IRS-1 in breast cancer tumorigenesis and metastasis. In vivo transgenic mouse models of breast cancer showed that loss of IRS-1 enhances breast cancer metastasis, supporting the hypothesis that IRS-1 may have a metastasis suppressor function [19] .
Despite numerous preclinical studies, there are only very limited and conflicting reports on IRS-1 expression in breast cancer clinical samples and on the role of IRS-1 in patient outcome [20] [21] [22] [23] . In order to address this question, we examined cytoplasmic and nuclear IRS-1 expression in a large series of primary human breast tumors with available clinical data and extensive follow-up following either no adjuvant therapy (testing the association of IRS-1 levels with prognosis) or endocrine therapy (testing the ability of IRS-1 levels to predict response to Tam therapy).
Materials and methods

Tumor specimens and patient population
This study was approved by the Baylor College of Medicine Institutional Review Board. Tumor samples were from a prospectively assembled tumor bank (Tumor Bank and Data Network Core in the Lester and Sue Smith Breast Center at Baylor College of Medicine). Tissue specimens were prepared from a cohort of 1,424 frozen tumor specimens as previously described [24] . Individual samples were fixed for 8 h in 10% neutral-buffered formalin and routinely processed to paraffin blocks. Samples were subsequently arrayed (12 samples/array; each core 5 mm in diameter). These uniformly prepared tissue samples have been used to validate other prognostic and predictive factors in breast cancer including PR [25] and ER [26] . The study population consisted of patients who were diagnosed between 1973 and 1998 with stage I and II primary breast cancer with no distant metastasis, treated with mastectomy or lumpectomy plus axillary dissection, with or without post-operative radiation therapy. Complete data on tumor size, number of nodes, receptors, S-phase fraction, ploidy, and use and type of adjuvant therapy were available. Of this population, 695 patients did not receive adjuvant therapy after primary treatment, 402 received Tam only and 327 received chemotherapy or a combination therapy. Median follow-up was 84 months.
Immunohistochemistry (IHC)
Routine 4 lm sections were cut from the blocks, mounted onto slides, deparaffinized and hydrated, then immunostained using standard protocols. Antigen retrieval was performed by heating in 0.1 M Tris-HCl buffer (pH 9.0) using a pressure cooker for 10 min. Slides were incubated with the IRS-1 primary rabbit polyclonal antibody (#06-248, Upstate, Lake Placid, New York, USA) at a dilution of 1:200 for 1 h at room temperature and then incubated with the secondary, biotinylated antibody for 30 min. Sections were then incubated with streptavidin-peroxidase for 30 min and the enzyme was visualized after 15 min of incubation with diaminobenzidine. Finally, slides were lightly counterstained with 0.05% methyl green. Negative controls included omission of the primary antibody or inclusion of a non-specific IgG. The IRS-1 antibody has previously been used by many groups who have shown its specificity in IHC and immunofluorescence using different models including mice [27] , human and mouse cell lines lacking IRS-1 [28] , and human breast cancers [23] .
Scoring of immunohistochemistry
Immunostained slides were evaluated for both nuclear and cytoplasmic IRS-1 according to the Allred score [29] by a pathologist (IM) who was blinded to the clinical data. Briefly, each entire core was evaluated by light microscopy. First, a proportion score was assigned, which represents the estimated proportion of positive-staining tumor cells (0, none; 1,\1/100; 2, 1/100 to 1/10; 3, 1/10 to 1/3; 4, 1/3 to 2/3; and 5 [ 2/3). Next, an intensity score was assigned, which represents the average intensity of positive tumor cells (0, none; 1, weak; 2, intermediate; 3, strong). The proportion and intensity scores were then added to obtain a total score, which ranged from 0 to 8.
Statistical analysis
Descriptive statistics were calculated as frequencies and proportions to summarize clinico-pathological characteristics in Tam-treated and untreated patients. In order to identify optimal cut points of nuclear and cytoplasmic IRS-1 Allred scores, median values were calculated and Martingale residual plots were generated to evaluate their functional forms. IRS-1 status was dichotomized as below the median Allred score (IRS-1 negative (-)) versus above median (IRS-1 positive (?)). Nuclear and cytoplasmic IRS-1 were analyzed separately. Correlations between IRS-1 and clinico-pathological characteristics were analyzed as continuous variables using Spearman rank correlation (r).
Univariate analysis of IRS-1 on recurrence-free survival (RFS) and overall survival (OS) was carried out using the Kaplan-Meier method and compared using the log-rank test or generalized Wilcoxon test, which is more appropriate when the assumption of proportional hazards is not met. RFS was calculated from the time of diagnosis to the date of the first proven recurrence. Patients without recurrence were censored at last follow-up or death not due to cancer. OS was calculated from the time of diagnosis to death from any cause or censored at last follow-up. Followup was truncated at 180 months for purposes of plotting.
The prognostic and predictive significance of IRS-1 was analyzed by Cox proportional hazards regression models. Tests for proportionality of nuclear and cytoplasmic IRS-1 were performed by including time dependent covariate in the Cox models. All variables of interest were entered into multivariate Cox regression models and model-building proceeded using stepwise selection. Clinico-pathological variables were categorized according to standard cut-offs shown in Table 1 . Analyses for RFS and OS were performed separately for Tam-treated and untreated patients.
Results
Patients and tumors characteristics
A total of 1,097 patients were studied including 695 patients who received no adjuvant therapy after primary treatment and 402 patients who were treated with adjuvant Tam monotherapy. The distributions of patient's clinicopathological characteristics are summarized in Table 1 . The vast majority of studied patients were older than 50 years of age. Most of the patients had tumors less or equal to 5 cm in dimension and were node negative. Eighty-five percent of the tumors expressed ER, while 60% were PR positive. Approximately, 60% of tumors were low to intermediate S-phase and 62% of tumors were aneuploid. The median follow-up was 84 months. Figure 1 shows representative cases of IRS-1 IHC staining. All cases were evaluated as described in Materials and Methods. Median values of expression were calculated for cytoplasmic and nuclear IRS-1 and IRS-1 expression was classified as positive (above the median value) or negative (below the median value). We found that 33.1% of tumors were nuclear IRS-1 positive and 43.5% were cytoplasmic IRS-1 positive. In addition 44% of tumors were negative for both cytoplasmic and nuclear IRS-1 while 19.9% were double positive.
IRS-1 expression
Correlation with clinico-pathological characteristics
We assessed the correlation between nuclear and cytoplasmic IRS-1 expression with various clinico-pathological parameters. As shown in Table 2 , nuclear and cytoplasmic IRS-1 were moderately correlated with each other (r = 0.36, P \ 0.0001). Small, positive correlations were observed between nuclear IRS-1 and ER (r = 0.09, P = 0.003) or PR (r = 0.08, P = 0.008) status, whereas there was a small, negative correlation between nuclear IRS-1 and lymph node involvement (r = -0.10, P = 0.001). However, nuclear IRS-1 did not significantly correlate with age, tumor size, and S-phase fraction. Cytoplasmic IRS-1 demonstrated a significant, albeit small, positive correlation with tumor size (r = 0.10, P = 0.001) and S-phase fraction (r = 0.16, P \ 0.001). In addition, we observed a trend for a negative correlation between cytoplasmic IRS-1 and age (r = -0.05, P = 0.092). However, cytoplasmic IRS-1 did not significantly correlate with ER or PR status and lymph node involvement.
Univariate analysis
When nuclear and cytoplasmic IRS-1 were analyzed separately, Tam-treated patients with positive nuclear IRS-1 levels showed a significantly better RFS and OS than those with negative nuclear IRS-1 (P = 0.009 and P = 0.007, respectively) (Fig. 2a) . However, we did not observe significant differences between positive versus negative nuclear IRS-1 among untreated patients indicating that the effect of nuclear IRS-1 is to predict response to Tam and not simply confer a good prognosis. Interestingly, we found no difference in RFS or OS between positive versus negative cytoplasmic IRS-1 among both Tam-treated and untreated patients (Fig. 2b) . We also found no difference in RFS or OS between positive versus negative IRS-1 (both nuclear and cytoplasmic) when untreated patients were analyzed according to ER status (data not shown).
Multivariate analysis of Tam-treated patients
The predictive effects of clinico-pathological variables (nuclear IRS-1, cytoplasmic IRS-1, age, PR, nodes) on both RFS and OS in Tam-treated patients are shown in Table 3 . In multivariate analysis of RFS, negative nuclear IRS-1 was significantly associated with shorter RFS (HR = 1.59; 95% CI, 1.01-2.49, P = 0.046) while cytoplasmic IRS-1 was not associated with RFS. Patients aged 50 or less had a worse RFS than patients aged greater than 50 years old (HR = 3.05; 95% CI, 1.77-5.24, P \ 0.0001). PR negativity (defined as \5 fmol/mg) and number of positive nodes were significant indicators of recurrence (P = 0.015 and P \ 0.0001, respectively). Similar to RFS, negative nuclear IRS-1 was significantly associated with shorter OS (HR = 1.51; 95% CI, 1.07-2.11, P = 0.018). However, cytoplasmic IRS was not significantly associated with OS. PR negativity and number of positive nodes were indicators of poor OS (P = 0.007 and P \ 0.0001, respectively). We have previously shown that PR negativity determined by either IHC or ligand binding assay is a predictor of poor response to endocrine therapies [25, 30, 31] . For this reason, secondary analyses were performed to assess the combined effect of PR and nuclear IRS-1 on RFS and OS in Tam-treated patients. As shown in Fig. 3 , patients with negative PR and nuclear IRS-1 levels have poorer RFS compared to patients exhibiting a positive status of these combined markers (P = 0.0003). Likewise, the combination of PR and nuclear IRS-1 has an impact on shorter OS (P \ 0.0001). The combined effect of PR and nuclear IRS on RFS and OS in Tam-treated patients remained statistically significant after multivariate adjustment in the Cox models. Specifically, patients with negative PR and IRS-1 levels were 2.65 times more likely to experience recurrences than patients showing a positive status on these combined markers (P = 0.001). Similar to RFS, patients with negative PR and IRS-1 levels were 2.47 times more likely to die than patients with a positive combination of the two markers (P \ 0.0001).
Discussion
To the best of our knowledge, this is the first study on IRS-1 expression in breast cancer patients designed to reveal its prognostic and predictive role in a large and well- characterized series of breast tumors. This study examined separately the expression of both nuclear and cytoplasmic IRS-1 in relationship with clinico-pathological parameters and patient survival. Although this is not a randomized study, the large number of samples and the comprehensive follow-up give strength to our data.
Cell culture studies have shown that IRS-1 can localize and function in the nucleus and nuclear IRS-1 has already been demonstrated by IHC on clinical breast samples [16-18, 20, 22, 23] . In fact Schnarr et al. [22] noticed the presence of nuclear staining in some breast tumors as well as in normal breast tissue. However, they did not analyze the significance of this finding. Koda et al. [20] also described a strong perinuclear localization of IRS-1 in some breast tumors, but again no association with clinical parameters was addressed by these authors. The most comprehensive analysis of nuclear IRS-1 in human breast cancers was recently performed by Sisci et al. [23] who observed very low levels of nuclear IRS-1 in normal mammary epithelium and an increased expression in breast tumors. These authors also found a positive correlation between nuclear IRS-1 and ER and a negative correlation with grade, size, lymph-node involvement and proliferation rate in the subgroup of ductal cancers [23] . Our results are concordant with Sisci et al. [23] showing that nuclear IRS-1 positively correlates with ER and PR and negatively with lymph-node involvement although we did not found any correlation between nuclear IRS-1 and size of the tumor or proliferation rate. However, our analysis was conducted on the entire population irrespective of tumor subtype perhaps explaining the limited differences between the two studies.
Our results indicate that cytoplasmic IRS-1 is positively associated with tumor size and S-phase fraction and does not correlate with other clinico-pathological characteristics. Previous studies on cytoplasmic IRS-1 have offered [20, 22, 23] . Schnarr et al. [22] showed that IRS-1 is expressed at high levels in normal breast tissue and in well and moderately differentiated carcinoma and is low in poorly differentiated breast tumors. On the other hand, Koda et al. [20] found that positive cytoplasmic IRS-1 expression correlates with poorly differentiated tumors and with lymph node involvement. They also showed that in ER positive tumors IRS-1 expression positively correlates with Ki67 [20] . Finally, Sisci et al. [23] found that cytoplasmic IRS-1 positively correlates with ER in ductal carcinomas. Our results indicate that cytoplasmic IRS-1 is associated with adverse prognostic factors therefore representing a marker of more aggressive tumors. While differences in the results from these studies may be simply explained by the study of different tumor types, small numbers of tumors, technical differences in antibodies and staining, it should be noted that in some of these studies the associations are relatively weak and thus may be difficult to replicate. Furthermore, IRS-1 protein levels have been shown to be both increased and decreased by numerous hormones and growth factors, thus making it unlikely that one hormone receptor (e.g., ER) will be a major regulator and thus strongly correlated with IRS-1.
The role of IRS-1 in breast cancer prognosis is still largely unknown. We previously demonstrated, on a series of 195 node-negative primary breast cancers, that patients with tumor expressing higher levels of IRS-1 (analyzed by immunoblot) tended to have a worse disease free survival (DFS) [21] particularly in the subset of ER positive tumors [10] . However, this study was performed on tumors from patients treated with systemic therapy thus making any assessment of IRS-1 and prognosis potentially confounded by response to therapy [21] . The present study on a larger number of patients and IRS-1 assessed by IHC indicates that neither nuclear nor cytoplasm IRS-1 are prognostic markers since they do not affect survival in untreated patients. However, in this study we found that high nuclear IRS-1 levels in tumors from patients treated with Tam are associated with increased RFS and OS. These conflicts with our previous report may reflect the increase in number of samples analyzed (n = 195 vs. n = 1,097) and the different types of breast cancers (the previous study was restricted to node-negative disease). Moreover, our previous study analyzed IRS-1 by immunoblot and did not distinguish between nuclear and cytoplasmic IRS1.
The hypothesis that IRS-1 could be a potential marker of anti-estrogen hormone-therapy response is reasonable given in vitro studies that have established that IRS-1 is regulated by E2, binds ER in the cytoplasm and in the nuclear compartment and regulates ER function [9-12, 17, 18] . IRS-1 may thus reflect the presence of an intact ER signaling pathway in a tumor (similar to PR) and predict response to antiestrogen therapy. Supporting this, IRS-1 levels and signaling are down-regulated by Tam in ER positive cells [14] , and Tam inhibits the induction of IRS-1 mRNA by E2 [12] . IRS-1 may also be important in Tam resistance as overexpression of IRS-1 causes MCF-7 cells to become estrogen and Tam-independent, and anti-IRS-1 siRNA treatment increases the cytotoxic effects of Tam [13] . Our results indicate that nuclear IRS-1 is a powerful predictor of better RFS and OS in Tam treated patients. This is confirmed also by our multivariate analysis of Tam treated patients where we found that negative nuclear IRS-1 is significantly associated with shorter RFS and OS. It is interesting to note that combining PR and nuclear IRS-1 levels clearly stratified the Tam-treated patients into four different survival groups and that the survival of patients with tumors PR?/nuclear IRS-1? was significantly longer than the one of patients whose tumors express neither of these two markers. Therefore, nuclear IRS-1 can potentially give additional information on Tam response when combined with PR.
Our findings show that cytoplasmic levels of IRS-1 do not correlate with ER or PR levels, and are not a predictive marker of response to Tam. At present, there is no clear mechanism to explain why only nuclear IRS-1 can predict a better outcome in Tam treated patients. However, there are in vitro data that suggest that nuclear and cytoplasmic IRS-1 may have different biological roles. In the cytoplasm, IRS-1 acts as a docking protein for a variety of upstream regulators [4] . On the other hand, IRS-1 has been demonstrated to have nuclear functions that are strictly related to ER, at least in breast cancer cells [17, 18] . Indeed, nuclear IRS-1 co-localizes and co-precipitates with ER and can directly interact with the activation function-1/ DNA binding domain of ER [17, 18] being able to modulate the ER transcriptional activity at estrogen responsive element (ERE) motifs [17] . E2 significantly increases nuclear levels of IRS-1 and increases IRS-1 recruitment on ERE motifs [17, 18] . Therefore, it can be speculated that nuclear IRS-1 could be a marker of a more effective ER signaling in breast cancer since cytoplasmic IRS-1 levels are regulated by multiple receptors and factors with nuclear IRS-1 levels being more dependent on ER. This observation may be supported also by our survival analysis combining PR and nuclear IRS-1. Positivity for both PR and nuclear IRS-1 might identify those tumors with active ER signaling therefore being more responsive to Tam. On the other hand, the negativity for both PR and IRS-1 may represent a surrogate marker of a less functional ER pathway and, therefore, reduced Tam responsiveness. Clearly, a better understanding of how IRS-1 precisely function in the two different compartments is needed to clarify why only nuclear IRS-1 expression is a predictive marker of Tam response.
In conclusion, our results indicate that in the early-stage of breast cancer, women with tumors with positive nuclear IRS-1 have a better survival after adjuvant Tam-based therapy compared with women with nuclear IRS-1 negative tumors. Here we show the importance of evaluating both nuclear and cytoplasmic IRS-1 immunoreactivity as these might have distinct clinical implications. However, whether IRS-1 expression may help to select endocrine therapy in routine practice will need to be determined in additional studies.
